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In Trypanosoma brucei, transition fibres (TF) form a nine-bladed pattern-like structure connecting the base of the flagellum to the flagellar pocket membrane. Despite the characterization of two TF proteins, CEP164C and TbRP2, little is known about the organization of these fibres. Here, we report the identification and characterization of the first kinetoplastidspecific TF protein named TFK1 (Tb927.6.1180). Bioinformatics and functional domain analysis identified three TFK1 distinct domains: an N-terminal domain of an unpredicted function, a coiled-coil domain involved in TFK1-TFK1 interaction and a C-terminal intrinsically disordered region potentially involved in protein interaction. Cellular immuno-localization showed that TFK1 is a newly identified basal body maturation marker. Further, using ultrastructure expansion and immuno-electron microscopies we localized CEP164C and TbRP2 at the TF and TFK1 on the distal appendage matrix of the TF. Importantly, RNAi knockdown of TFK1 in bloodstream form cells induced misplacement of basal bodies, a defect in the furrow or fold generation and eventually cell death. We hypothesize that TFK1 is a basal body positioning specific actor and a key regulator of cytokinesis in the bloodstream form Trypanosoma brucei.

Introduction

Trypanosoma brucei (T. brucei) is a unicellular flagellated African protozoan parasite responsible for Human African Trypanosomiasis or « sleeping sickness » and nagana in livestock [START_REF] Auty | Cattle trypanosomosis: the diversity of trypanosomes and implications for disease epidemiology and control: -EN--FR-Trypanosomose bovine: la diversité des trypanosomes et ses conséquences sur l'épidémiologie de la maladie et sur son contrôle -ES-Tripanosomosis bovina: diversidad de tripanosomas y su influencia en la epidemiología y el control de la enfermedad[END_REF][START_REF] Büscher | Human African trypanosomiasis[END_REF][START_REF] Steverding | The history of African trypanosomiasis[END_REF]. T. brucei has complex life and cell cycles during transmission from the tsetse fly vector to the mammalian host with significant morphogenetic changes [START_REF] Gull | The Cytoskeleton of Trypanosomatid Parasites[END_REF][START_REF] Matthews | Developments in the Differentiation of Trypanosoma brucei[END_REF]. Among the different forms are the procyclic insect forms (PCF) in the insect midgut and the infectious bloodstream forms (BSF) upon transmission to the vertebrate host.
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In both forms, a single flagellum nucleates from the basal body near the posterior end of the cell, exits the cell body through the flagellar pocket (FP), the only site for endo/exocytosis, and extends along the length of the cell toward the anterior end [START_REF] Field | The trypanosome flagellar pocket[END_REF][START_REF] Lacomble | Three-dimensional cellular architecture of the flagellar pocket and associated cytoskeleton in trypanosomes revealed by electron microscope tomography[END_REF][START_REF] Lacomble | Basal body movements orchestrate membrane organelle division and cell morphogenesis in Trypanosoma brucei[END_REF][START_REF] Overath | Endocytosis, membrane recycling and sorting of GPI-anchored proteins: Trypanosoma brucei as a model system: The endocytic system of T. brucei[END_REF]. The cytoskeleton region between the basal bodies and the site where the flagellum exits the cell is quite complex.

The basal bodies (BBs) are connected to the mitochondrial genome (kinetoplast) through the tripartite attachment complex (TAC) but also with the FP membrane through the transition fibres (TFs) [START_REF] Ogbadoyi | A High-Order Trans -Membrane Structural Linkage Is Responsible for Mitochondrial Genome Positioning and Segregation by Flagellar Basal Bodies in Trypanosomes[END_REF][START_REF] Vaughan | Basal body structure and cell cycle-dependent biogenesis in Trypanosoma brucei[END_REF]. The TF consist of a set of nine structures that are located on the mature basal body and radiate from the triplet of microtubules to connect it to the FP membrane [START_REF] Geimer | The ultrastructure of the Chlamydomonas reinhardtii basal apparatus: identification of an early marker of radial asymmetry inherent in the basal body[END_REF][START_REF] Gonçalves | The Ciliary Transition Zone: Finding the Pieces and Assembling the Gate[END_REF]Lacomble e al., 2009;O Toole e al., 2003;T out et al., 2018;[START_REF] Vaughan | Basal body structure and cell cycle-dependent biogenesis in Trypanosoma brucei[END_REF]. The flagellum remains attached to the cell body via a junctional complex known as the flagellar attachment zone (FAZ) [START_REF] Sunter | The Flagellum Attachment Zone: 'The Cellular Ruler' of Trypanosome Morphology[END_REF]. A set of four specialized microtubules (the microtubule quartet MtQ) nucleates between the mature (BB) and the pro-basal bodies (pBB), wraps around the FP, continues along the flagellar pocket collar (FPC) to extend up to the anterior end of the cell body [START_REF] Gheiratmand | Biochemical Characterization of the Bilobe Reveals a Continuous Structural Network Linking the Bi-lobe to Other Single-copied Organelles in Trypanosoma brucei[END_REF][START_REF] Robinson | Microtubule polarity and dynamics in the control of organelle positioning, segregation, and cytokinesis in the trypanosome cell cycle[END_REF][START_REF] Taylor | A new organelle of bloodstream salivarian trypanosomes[END_REF].

PCF and BSF divide slightly differently but share the same cytokinesis stages characterized by the duplication of the single-copy organelles and their segregation leading to two daughter cells (schematized in Fig. S1a and1b, respectively) [START_REF] Vickerman | The mechanism of cyclical development in trypanosomes of the Trypanosoma brucei sub-group: An hypothesis based on ultrastructural observations[END_REF][START_REF] Sinclair | More than Microtubules: The Structure and Function of the Subpellicular Array in Trypanosomatids[END_REF][START_REF] Wheeler | Cytokinesis in Trypanosoma brucei differs between bloodstream and tsetse trypomastigote forms: implications for microtubule-based morphogenesis and mutant analysis[END_REF][START_REF] Sherwin | The cell division cycle of Trypanosoma brucei brucei: timing of event markers and cytoskeletal modulations[END_REF][START_REF] Robinson | Microtubule polarity and dynamics in the control of organelle positioning, segregation, and cytokinesis in the trypanosome cell cycle[END_REF][START_REF] Farr | Cytokinesis in trypanosomes[END_REF].

Those events are associated chronologically with pro-BB maturation, new flagellum growth, BBs segregation, and finally, cytokinesis combined with abscission (Fig. S1) [START_REF] Wheeler | Cytokinesis in Trypanosoma brucei differs between bloodstream and tsetse trypomastigote forms: implications for microtubule-based morphogenesis and mutant analysis[END_REF][START_REF] Wheeler | Coordination of the Cell Cycle in Trypanosomes[END_REF]. In T. brucei, the first noticeable events of the cell cycle are BB maturation, the nucleation of a new MtQ and the biogenesis of a new flagellum [START_REF] Lacomble | Three-dimensional cellular architecture of the flagellar pocket and associated cytoskeleton in trypanosomes revealed by electron microscope tomography[END_REF][START_REF] Lacomble | Basal body movements orchestrate membrane organelle division and cell morphogenesis in Trypanosoma brucei[END_REF]. Tight regulation of these events is critical for the parasite in Journal of Cell Science • Accepted manuscript ensuring the correct position of the fold which determines the shape and form of the daughter cells and thereafter furrow ingression [START_REF] Lacomble | Basal body movements orchestrate membrane organelle division and cell morphogenesis in Trypanosoma brucei[END_REF]. The evolutionarily conserved protein kinases TbAUK1 (Aurora B kinase 1) and TbPLK (Polo-like kinase) may be involved in BB segregation [START_REF] Ikeda | Polo-like kinase is necessary for flagellum inheritance in Trypanosoma brucei[END_REF] while TbNRKC (NIMA related kinase C) is involved in replication and segregation and TbLRTP is involved in their replication [START_REF] Morgan | An Evolutionarily Conserved Coiled-Coil Protein Implicated in Polycystic Kidney Disease Is Involved in Basal Body Duplication and Flagellar Biogenesis in Trypanosoma brucei[END_REF][START_REF] Pradel | NIMA-related kinase Tb NRKC is involved in basal body separation in Trypanosoma brucei[END_REF]. TbPLK has been shown to interact with numerous trypanosomespecific proteins including the cytokinesis regulator TOEFAZ1/CIF1 protein [START_REF] Mcallaster | Proteomic identification of novel cytoskeletal proteins associated with TbPLK, an essential regulator of cell morphogenesis in Trypanosoma brucei[END_REF]Zhou et al., 2016a). TOEFAZ1/CIF accumulates at the new FAZ tip in a complex with the CIF2 and CIF3 proteins, all involved in cytokinesis furrow initiation (Zhou et al., 2016a;[START_REF] Kurasawa | The trypanosome-specific protein CIF3 cooperates with the CIF1 protein to promote cytokinesis in Trypanosoma brucei[END_REF][START_REF] Kurasawa | Structural Domains of CIF3 Required for Interaction with Cytokinesis Regulatory Proteins and for Cytokinesis Initiation in Trypanosoma brucei[END_REF]. Contrary to most higher eukaryotes that rely on a contractile actomyosin ring, abscission in T. brucei requires flagellar movements [START_REF] Broadhead | Flagellar motility is required for the viability of the bloodstream trypanosome[END_REF][START_REF] Ralston | Flagellar motility contributes to cytokinesis in Trypanosoma brucei and is modulated by an evolutionarily conserved dynein regulatory system[END_REF] or an undiscovered membrane fission mechanism [START_REF] Farr | Cytokinesis in trypanosomes[END_REF].

In eukaryotic cells, centrioles are structures with a diameter of approximately 250 nm and with a length ranging between 150-500 nm (Wine and O Toole, 2014). In a pair of centrioles, only the mother centriole (MC, i.e the mature centriole) bears distal appendages distal (DAs) and subdistal appendages (SDAs) [START_REF] Hatch | The Life Cycle of Centrioles[END_REF]. The DAs are shaped as radial nine-fold twisted arrangement structures with fibrous located centrally and symmetrically at the distal end of the mother centriole. Each DA is associated with one of the centriole triplets with an angle of about 50 degrees [START_REF] Uzbekov | Who are you, subdistal appendages of centriole?[END_REF]. SDAs are conical-shaped structures linked to the centrosomal barrel by two axonemal microtubules triplets [START_REF] Paintrand | Centrosome organization and centriole architecture: Their sensitivity to divalent cations[END_REF]Uzbekov and Alie a, 2018;Wine and O Toole, 2014). These appendages (DA and SDA) are required for ciliogenesis and MC transformation into a basal body (BB) (Hall and Hehnly, 2021;[START_REF] Jana | Mapping molecules to structure: unveiling secrets of centriole and cilia assembly with near-atomic resolution[END_REF][START_REF] Paintrand | Centrosome organization and centriole architecture: Their sensitivity to divalent cations[END_REF]. MC and BB are similar in structure and function and the transition fibers that correspond to the DAs of the MC extend from the BB and connect to the plasma Journal of Cell Science • Accepted manuscript flagellum [START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF]. RNA interference (RNAi) knockdown of TbRP2 leads to axonemal microtubule formation defect, disturbs the recruitment of TZ proteins and induces loss of o ina ed -tubulin on the mature BB without affecting the other microtubules [START_REF] Stephan | An Essential Quality Control Mechanism at the Eukaryotic Basal Body Prior to Intraflagellar Transport[END_REF][START_REF] Harmer | Variation in Basal Body Localisation and Targeting of Trypanosome RP2 and FOR20 Proteins[END_REF][START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF]. The depletion of CEP164C induces dysregulation of the old flagellum growth due to a defect in the locking mechanism that regulates old and new flagella growth [START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF].

Here, we have identified and characterized TFK1 (Transition Fibres Kinetoplastid-specific protein 1, Tb927.6.1180) as the first matrix transition fibre protein in T. brucei that is specific to kinetoplastids. Our high-resolution Ultrastructure Expansion Microscopy (U-ExM) data demonstrate new insight into the TF organization in T. brucei with distinct localization of TbRP2, CEP164C and TFK1. Our data reveal that TKF1 is composed of several predicted coiled-coil domains and an intrinsically disordered region (IDR). RNAi mediated knockdown of TFK1 in BSF induces previously undescribed cytokinesis defects that are ultimately lethal. Our results suggest an essential role for TFK1 in the coordination of certain cytoskeleton components during cell division of the bloodstream form T. brucei.

Results

TFK1 (Tb927.6.1180) is a kinetoplastid-specific coiled-coil protein

Tb927.6.1180 protein (ProteinID: XP_845240.1) was first identified as a potential BILBO1 binding partner, with a low interaction reliability predicted biological score, in T. brucei 927 genomic yeast two-hybrid screen (Hybrigenics), using BILBO1 as bait [START_REF] Albisetti | Interaction between the flagellar pocket collar and the hook complex via a novel microtubule-binding protein in Trypanosoma brucei[END_REF].

Here, we identified Tb927.6.1180 as a novel basal body protein and designated it as TFK1 for Transition Fibres Kinetoplastid-specific protein 1. TFK1 is a 141.19 kDa protein consisting of 1271 amino acids with a calculated pI of 5.25 encoded by a single-copy gene located on chromosome 6 (Fig. 1A). TFK1 primary structure is composed of three distinct regions, (i) an N-terminal region (aa 1-74) with no predicted function, (ii) a large central region (aa 76-802) consisting of two coiled-coil regions CC1 (aa 76 to 536) and CC2 (aa 537-802), and (iii) a Cterminal region (aa 803-1271) predicted as an intrinsically disordered region (IDR) (Fig. 1A).

Further, the presence of the coiled-coil and IDR domains suggests that TFK1 could form a homodimer and interact with other protein partners [START_REF] Barbar | Polybivalency and disordered proteins in ordering macromolecular assemblies[END_REF][START_REF] Kuhn | Coiled-Coil Proteins Facilitated the Functional Expansion of the Centrosome[END_REF][START_REF] Uversky | Under-folded proteins: Conformational ensembles and their roles in protein folding, function, and pathogenesis: Under-Folded Proteins[END_REF]. Orthologs searches using BLAST-P, PSI-BLAST and HMMER [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF][START_REF] Altschul | Protein database searches using compositionally adjusted substitution matrices[END_REF][START_REF] Finn | HMMER web server: interactive sequence similarity searching[END_REF] identified orthologs but only in the Kinetoplastea class with a conserved gene synteny. The TFK1 orthologs have an estimated molecular weight ranging from 118.41 to 160.11 kDa (for Phytomonas sp. and T. vivax respectively). A multiple sequence alignment using ClustalOmega identified the three conserved main regions (N-terminal domain, coiled-coil domain and IDR) among the TFK1 orthologs (Fig. S2) [START_REF] Madeira | The EMBL-EBI search and sequence analysis tools APIs in 2019[END_REF].

TFK1 is located on the mature basal body

To localize TFK1, we generated a mouse monoclonal antibody (anti-TFK1) against the fulllength purified TFK1 protein (Fig. S3A,B). Immunoblots of T. brucei cell lysates showed that anti-TFK1 recognized the wild-type TFK1 protein (141.19 KDa) in PCF and BSF forms (Fig. 1B) as well as an endogenously N-terminal TY1-tagged version of TFK1 (152.9 kDa) generated following the protocol described in [START_REF] Dean | A toolkit enabling efficient, scalable and reproducible gene tagging in trypanosomatids[END_REF] (Fig. S3C,D). The anti-TFK1 labelling revealed a major band at the expected size but also several other bands in both PCF and BSF (Fig. 1B). These bands diminished after TFK1 RNA interference (RNAi) knockdown experiments (described below) (Fig. S3C,D) and could reflect the phosphorylation status of the serines S898, S906, S1104 and S919 identified in phosphoproteomic analyses (Nett et al., 2009;Urbaniak et al., 2013), or due to proteolysis during cell lysis due to the presence of potential cleavage sites in the C-terminal domain of TFK1. As previously observed on the TrypTag Genome-wide Protein Localization Resource that localized an endogenously N-terminal mNeonGreen-tagged form of TFK 1 in the BB area [START_REF] Dean | Cilium transition zone proteome reveals compartmentalization and differential dynamics of ciliopathy complexes[END_REF], our anti-TFK1 labelling was observed as two dots close to the kinetoplast in whole cells but also in detergent-extracted cytoskeletons of PCF and BSF cells (Fig. S3E and Fig. 1Ca respectively). This labelling co-localized with an anti-HA tag labelling of endogenously tagged TFK1 ::HA (Fig. S3E). The presence of a N-terminus or C-terminus tags did not affect the TFK1 localization (Fig. S3E). Importantly, this labelling was also maintained on detergent-extracted cytoskeletons of PCF and BSF cells indicating that the TFK1 protein is a cytoskeleton-associated protein localizing on or close to the basal bodies (Fig. 1Ca).

Further analysis of the immuno-labelling using the anti-TFK1 showed that TFK1 is present throughout the cell cycle at the base of both the old and the new flagellum in PCF and BSF (Fig. 1C). We thus wanted to co-label TFK1 with the BBs and flagellum-associated cytoskeleton protein markers BLD10, FTZC, CEP164C, TbRP2 and BILBO1. BLD10 is a conserved cartwheel protein [START_REF] Carvalho-Santos | Stepwise evolution of the centriole-assembly pathway[END_REF]) that stabilizes the 9-fold symmetry of the centriole in Chlamydomonas [START_REF] Hiraki | Bld10p Constitutes the Cartwheel-Spoke Tip and Stabilizes the 9-Fold Symmetry of the Centriole[END_REF][START_REF] Matsuura | Bld10p, a novel protein essential for basal body assembly in Chlamydomonas[END_REF] and controls the formation of the flagellum central pair in Drosophila spermatozoid [START_REF] Carvalho-Santos | BLD10/CEP135 Is a Microtubule-Associated Protein that Controls the Formation of the Flagellum Central Microtubule Pair[END_REF]. BLD10 was also identified by bioinformatics and proximity-dependent biotin identification as a T. brucei basal body component [START_REF] Dang | Proximity Interactions among Basal Body Components in Trypanosoma brucei Identify Novel Regulators of Basal Body Biogenesis and Inheritance[END_REF]. BLD10 localizes at both the mature and the immature BB throughout the cell cycle [START_REF] Dang | Proximity Interactions among Basal Body Components in Trypanosoma brucei Identify Novel Regulators of Basal Body Biogenesis and Inheritance[END_REF][START_REF] Geimer | The ultrastructure of the Chlamydomonas reinhardtii basal apparatus: identification of an early marker of radial asymmetry inherent in the basal body[END_REF]. FTZC (for flagellar transition zone component) is a T. brucei specific protein localized at the perimeter of the transition zone (TZ) and thus can be used to localize the mature BB [START_REF] Bringaud | Characterization and disruption of a new Trypanosoma brucei repetitive flagellum protein, using doublestranded RNA inhibition[END_REF]Gorilak et al., 2021). CEP164C is a TFs protein that plays a role in the regulation of the T. brucei old flagellum length [START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF] and TbRP2 is an alpha-tubulin binding and TFs protein involved in flagellum structure [START_REF] Stephan | An Essential Quality Control Mechanism at the Eukaryotic Basal Body Prior to Intraflagellar Transport[END_REF] and in targeting of the ciliary gates TbMKS1 and TbMKS6 proteins (Andre et al., Journal of Cell Science • Accepted manuscript 2014). TbBILBO1 is one of the components of the flagellar pocket collar (FPC), a cytoskeleton structure distal to the transition zone that maintains the flagellar pocket enclosed around the flagellum [START_REF] Bonhivers | Biogenesis of the Trypanosome Endo-Exocytotic Organelle Is Cytoskeleton Mediated[END_REF]. BILBO1 is also present at the BB and most probably along the MtQ between the BBs and the FPC (Broster Reix et al., 2021a;[START_REF] Perdomo | TbKINX1B: a novel BILBO1 partner and an essential protein in bloodstream form Trypanosoma brucei[END_REF]. To carry out these co-labelling experiments we generated PCF cell lines expressing endogenous N-terminal 10xTY1 tagged TFK1 ( TY1:: TFK1). To label the transition fibres, we generated a cell line expressing endogenous TY1:: TbRP2, and used a mNeonGreen:: CEP164C expressing PCF cell line [START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF]. Immunofluorescence assays in both PCF and BSF using anti-BLD10 [START_REF] Dang | Proximity Interactions among Basal Body Components in Trypanosoma brucei Identify Novel Regulators of Basal Body Biogenesis and Inheritance[END_REF] showed that despite close labelling, TFK1 does not co-localize with this BBs markers (Fig. 1Da and Fig. S4Aa) and is proximal to the FTZC labelling and to the FPC marker (BILBO1) (Fig. 1Db,c and Fig. S4Ab, c respectively).

Interestingly, TFK1 co-localized, at least partially, with the two TF proteins TbRP2 and CEP164C (Fig. 1Dd ande, respectively).

TFK1 is a transition fibre protein

To analyze in more detail the basal bodies localization of TFK1 by increasing the spatial resolution, we used Ultrastructure Expansion Microscopy (U-ExM) [START_REF] Amodeo | Characterization of the novel mitochondrial genome segregation factor TAP110 in Trypanosoma brucei[END_REF][START_REF] Gambarotto | Ultrastructure expansion microscopy (U-ExM)[END_REF]. TFK1 ::HA was co-labelled on detergent-extracted PCF cells with the cytoskeletal markers described above (Fig. 2). TFK1 appears as one set of nine individual dots organized in a circular fashion (Fig. 2Aa). This circular arrangement had average diameters of 1617 nm (inner) and 2533 nm (outer) which, after taking into account the expansion factor, indicates average diameters of 356 nm (inner) and 558 nm (outer) (n=10) (Fig. S4B). The BBs can be identified by BLD10 labelling which forms the cartwheel structure of the mature BB and the pro-BB (pBB) [START_REF] Dang | Proximity Interactions among Basal Body Components in Trypanosoma brucei Identify Novel Regulators of Basal Body Biogenesis and Inheritance[END_REF], while in G1 trypanosome cells CEP164C labels the mature BB only [START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF]. At the early SK1N (Early kinetoplast S phase) stage of the cell cycle, the BB and pro-BB or the maturing pro-BB (pBBm) are identified by BLD10 labelling [START_REF] Dang | Proximity Interactions among Basal Body Components in Trypanosoma brucei Identify Novel Regulators of Basal Body Biogenesis and Inheritance[END_REF]. In these cells, TFK1 is only present on the mature basal body (BB) (Fig. 2Aa,e), and at a slightly later stage is also on the maturing pro-BB (pBBm) as shown with the BLD10 co-labelling (Fig. 2Ba,b). To distinguish between the BB and the maturing pro-BB, we used the mNG:: CEP164C expressing cell line [START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF]. In Fig. 2Ab, we show the first high-resolution localization of CEP164C that adopts punctuated radial arrangement, in agreement with the arrangement on TFs shown for the human ortholog CEP164 [START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF]. Also, CEP164C labelling appears unregular in intensity and positioning suggesting a localization on different planes (Fig. 2Ab) similarly to the organization described for human ortholog CEP164 forming the backbone of the nine DA blades [START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF]. Interestingly, the co-labelling of TFK1 with CEP164C demonstrates that TFK1 is associated with the CEP164C-positive mature basal body labelling suggesting that TFK1 is a mature BB or maturing pro-BB protein (Fig. 2Ab). Interestingly, it is noticeable that the gaps present between the CEP164C dots are filled with the TFK1 dots as observed on the top and side views (Fig. 2Ab,f) suggesting that TFK1 and CEP164C belong to two different compartments of the TF. In addition, this is supported by the fact that in PCF, the knockdown CEP164C RNAi does not affect the localization of TFK1 at the TFs (Fig. S8b).

Remarkably, co-labelling with TY1:: TbRP2 revealed a continuous radial arrangement of TbRP2 somewhat smaller and distinct from the nine-dot arrangement of TFK1 (Fig. 2Ac). In addition, the side views (Fig. 2Ag and Fig. 2Bd) confirmed that TbRP2 and TFK1 are on separate structures with TFK1 distal to TbRP2 (relative to the kinetoplast oriented downwards in Fig. 2 in the U-ExM images). At the early SK1N (Early kinetoplast S phase) stage of the cell cycle, BB and the maturation of the pro-BB are identified by BLD10 labelling (Fig. 2Bb).

The U-ExM showed that TFK1 labelling is observed once the pro-BB matures. Indeed, the BLD10 labelling in figure 2Bb shows a newly maturing BB that is also associated to TFK1 labelling (indicated with an asterisk, Fig. 2Bb). This is confirmed by the TbRP2 labelling that
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shows a newly TbRP2-positive structure associated to TFK1 labelling (Fig. 2Bd, asterisk) and the TFK1 labelling (Fig. 2Bf, asterisk) close to the base of the presumed pro-BB MtQ labelled with BILBO1 (Broster Reix et al., 2021a), suggesting they could be markers for an event of maturation of the pro-BB.

Subsequent immuno-gold electron microscopy images of thin sections from detergentextracted, pre-labelled, cytoskeletons using anti-TFK1 confirmed the precise location of TFK1 on the TF (Fig. 3). On longitudinal sections (micrographs A and B), the gold particles are observed at the tip of the TF region, at the base of the transition zone subtending the flagellum. This was clearly observed on transversal sections where the nine-bladed TF structures are radiating around the BB but the immuno-gold particles are distal to the blades (Fig. 3C andD). In order to determine the exact location, we measured the distance between the ba al bod s center and the immuno-gold labelling on transversal sections revealing a length of 172±26 nm (n=28, white arrow in Fig. 3C and Table S1). In addition, some immuno-gold labelling was observed close to a pro-BB suggesting that it has already entered maturation (Fig. 3D) in agreement with our previous observation by U-ExM (Fig. 2Bb,d,f, indicated by an asterisk).

Taken together, our data indicate that TFK1 is a cytoskeleton-associated protein expressed in PCF and BSF parasites throughout the cell cycle. TFK1 is a marker of BB maturation localizing at the tip of the TF, with a spatial organization that differs from those of the only other two T. brucei described TF proteins, CEP164C and TbRP2 and is schematized in Fig. 4.

The TFK1 CC1 coiled-coil domain is sufficient to target to the transition fibre zone

To further characterize the three main regions of the TFK1 protein, we generated PCF cell lines tetracycline-inducible [START_REF] Wirtz | A tightly regulated inducible expression system for conditional gene knock-outs and dominant-negative genetics in Trypanosoma brucei[END_REF] for the ectopic expression of C-terminus 3xmyc-tagged TFK1 (TFK1 ::myc ) and truncated forms of TFK1 (truncations T1 to T5

Journal of Cell Science • Accepted manuscript described in Fig. 5A) in the TFK1 ::HA background. The proteins were detected by immunofluorescence with anti-HA for the endogenous TFK1 ::HA and anti-myc for the ectopic copies (Fig. 5B andS5B), and with anti-myc by western blotting (Fig. S5A). The myc-tagged proteins were all expressed after tetracycline induction (Fig. S5A). The expression of the ectopic proteins was induced with tetracycline for 24 h and the cells were subjected to immunofluorescence and western blotting (24 h and 48 h induction) (Fig. 5B andS5A, B). TFK1 ::myc co-localized with endogenous TFK1 ::HA on detergent-extracted cytoskeletons (Fig. 5Bc) with no cytoplasmic pool as observed on whole cells labelling (Fig. S5Bb). The truncations T1 ::myc (N-terminal domain) and T3 ::myc (IDR) both lacking the CC region were observed as a cytoplasmic pool in whole cells (Fig. 5Bd,f) that was removed in detergentextracted cytoskeleton (Fig. S5Bc,d) suggesting that they are not required or sufficient for TFs targeting. On the contrary, the large CC domain (composed of CC1 and CC2, T2 ::myc ) colocalized on the TF, together with the endogenous TFK1 ::HA on extracted cells (Fig. 5Be). To further uncover the exact region of the CC domain involved in the TFs targeting, the CC1 (T4 ::myc ) and CC2 (T5 ::myc ) domains were expressed. Interestingly, we observed that the CC1 domain localized to TF (Fig. 5Bg) whilst the CC2 domain was observed in the cytoplasm in whole cells (Fig. 5Bh) and was removed in detergent-extracted cytoskeleton (Fig. S5Be).

These data show that the highly conserved coiled-coil domain CC1 (aa 76-536) is sufficient to address TFK1 to the TF.

The CC1 coiled-coil domain is involved in TFK1-TFK1 interaction

Because the CC and IDR domains can be involved in protein-protein interactions, we used the Yeast Two-Hybrid (Y2H) approach to determine if they could be involved in TFK1-TFK1 interaction (Fig. 5C). Y2H assays demonstrated that TFK1 can form homodimers as cell growth was obtained for full-length TFK1 x full-length TFK1 (FL x FL, Fig. 5C). To identify Journal of Cell Science • Accepted manuscript which domain was involved in this interaction, the truncations T1 to T5 were tested against the full-length TFK1. Only the truncations T2 (CC1+CC2) and T4 (CC1) interacted with TFK1 demonstrating that the conserved coiled-coil domain CC1 (aa 75-536) is implicated in the formation of homodimers. This interaction between the full-length TFK1 and its CC1 domain should be considered into account in our immunolocalization of CC1 in vivo to the TFs (Fig. 5Bg) that could be a downstream result of its interaction with the endogenous fulllength TFK1 protein. Interestingly, dimerization -oligomerization was conceptualized for the recruitment of the CC-rich domain of human CEP164 to the centriole [START_REF] Mennella | Subdiffraction-resolution fluorescence microscopy reveals a domain of the centrosome critical for pericentriolar material organization[END_REF][START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF].

TFK1 Knockdown induces cell cycle arrest and cell death

To assess the function of TFK1, a tetracycline-inducible RNAi knockdown approach was used in the TY1:: TFK1 background PCF and BSF cells [START_REF] Wirtz | A tightly regulated inducible expression system for conditional gene knock-outs and dominant-negative genetics in Trypanosoma brucei[END_REF]. No phenotypes were observed in PCF over the time of RNAi induction despite the decrease of protein level observed by western blot (Fig. S6A,B). However, absence of phenotypes might be due to incomplete depletion of TFK1 as the protein was still detected by western blotting after 96 h of induction (Fig. S6B). In contrast, in BSF cells, a growth arrest was observed 48 h post RNAi induction followed by cell death within 72 h (Fig. 6A). TFK1 protein level during RNAi induction was investigated by western blot and showed a strong decrease at 24 h postinduction and very low detection at 48 h post-induction using both anti-TY1 (left panel) and anti-TFK1 (right panel) (Fig. 6B). In addition, TFK1 protein depletion was also observed by immunofluorescence as the protein was not detected after 24 h of induction (Fig. 6C). Since TFK1 RNAi is lethal in BSF, we assessed cell cycle progression at different time-points of induction by using DAPI to stain the kinetoplast (K) and the nucleus (N) DNA and quantify their numbers (Fig. 6D). At 24 h post induction (+ Tet 24 h), the percentage of 1K1N cells decreased from 76% to 52%, together with an accumulation of 2K2N cells that increased from 8% to 22% (Fig. 6D Table). There was also appearance of abnormal cells such as 1K2N ( 3%), XKXN (X 3) ( 8%) and o nd dead/d ing cell ( 3.4%) (Fig. 6D Histogram). Interestingly, the percentage of 2K2N cells at 48 h post induction ( 9%) was similar to the non-induced 2K2N population ( 8%) whilst the abnormal population of XKXN increased to 43% (Fig. 6D Histogram) suggesting a downstream effect of the increase of the 2K2N cell population at 24 h of induction ( 22%).

Overall, these results indicate that TFK1 is essential in BSF T. brucei and its depletion induces cytokinesis defects without affecting mitosis leading to cells with an abnormal number of kinetoplasts and nuclei.

Knockdown of TFK1 affects cleavage fold completion leading to l cked posteriorposterior a d a dem-cell phenotypes in bloodstream forms

To study further the phenotypes induced by TFK1 RNAi in BSF and to preserve the morphology of the cells, including the cytoplasmic bridge, WT or TFK1 RNAi non-induced and induced cells were fixed in the culture medium, stained with DAPI and observed by phase contrast. The number of kinetoplasts (arrow heads) and nuclei (asterisk) were followed along the cell cycle stages for the non-induced cells (Fig. 7Aa). At the 2K2N stage (Fig. 7Aa 2K2N, cytokinesis and abscission) cytokinesis progresses with the formation of a division cleft (dashed line) leading to the abscission stage where the two daughter cells are connected with the cytoplasmic bridge (arrow) in a posterior end-to-posterior end manner. Finally, the bridge is broken by flagellum-driven motility of both daughter cells [START_REF] Wheeler | Cytokinesis in Trypanosoma brucei differs between bloodstream and tsetse trypomastigote forms: implications for microtubule-based morphogenesis and mutant analysis[END_REF]. To investigate this division process during TFK1 depletion by RNAi, 24h-induced cells were similarly prepared and observed, with a particular attention to the 2K2N cells (Fig. 7Ab andc). No phenotype was observed in the first cell cycle stages (1K1N, S1K1N and 2K1N).
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However, in the BSF 2K2N stage two main cytokinesis defect phenotypes were observed, (1) an increase in the 2K2N cell population of cells that are connected by their posterior ends with a cytoplasmic bridge at the abscission stage that we named the "locked posterior-too e io heno e (from 17.6% in WT cells to 30.2% in induced cells) (Fig. 7Ab,d) and ( 2)

an unusual KNKN organization that we named he andem-cell heno e that was never observed in WT cells and reached 13.4% of the 2K2N induced cell population (Fig. 7Ac,d).

Therefore, the normal population of 2K2N cells, with a KKNN organization, decreased significantly (from 82.4% in WT cells to 56.3% in induced cells) (Fig. 7Aa,d).

In the "locked posterior-to-posterior phenotype, TFK1 RNAi induced BSF cells progressed normally through the cell cycle up to the abscission step. At the 2K2N stage an apparently proper fold and two nascent posterior ends were formed in the 2K2N cells (Fig. 7Ab, 2K2N cytokinesis), as well as the furrow ingression and pre-abscission by the presence of cytoplasmic bridge in a posterior-to-posterior organization (Fig. 7Ab, 2K2N no abscission).

However, these cells were not able to complete abscission before asynchronous mitosis cycles occurs as shown by the number of DAPI-stained kinetoplasts and nuclei (Fig. 7Ab, XKXN no abscission). Both attached daughter cells were asynchronous with an unequal number of flagella visualized by PFR labelling (Fig. 7Ce andf). SEM analysis supported these observations, showing two daughter cells connected by their posterior ends (Fig. 7D arrows, locked posterior-to-posterior).

In the previously undescribed 2K2N andem-cell phenotype, the organization of the kinetoplasts and nuclei resembles the one in PCF cells with a KNKN distribution instead of a KKNN distribution (Fig. 7Ac,2K2N). This cell population was never observed in noninduced cells but represented 13.4% of the 2K2N population of 24h-induced TFK1 RNAi cells (Fig. 7Ad, tandem-cells ). The observation of these cells after detergent-extraction showed in more detail that the sub-pellicular microtubule cytoskeleton of both WT and tandem-cells form a continuous corset for the two daughter cells (Fig. 7Bb). However, the tandem-cells have clearly misplaced new kinetoplast and new flagella (Fig. 7Bb). This could lead to or is the result of abnormal fold positioning (Fig. 7Bb) compared to the non-induced condition (Fig. 7Ba) where the fold terminates closer to the posterior end in BSF and defines the two nascent posterior ends [START_REF] Wheeler | Cytokinesis in Trypanosoma brucei differs between bloodstream and tsetse trypomastigote forms: implications for microtubule-based morphogenesis and mutant analysis[END_REF]. In induced cells, the DNA content of In TFK1 RNAi induced cells, defects neither in the basal bodies (as labelled with anti-BLD10) (Fig. S7Ab) nor in flagellum structure (as observed on thin section by electron microcopy) were observed (Fig. S7Ab). Likewise, the cytoskeleton-associated structures such as the flagellum (visualized by a PFR signal, Fig. 7C) and the flagellar attachment zone (FAZ, labelled with the anti-FAZ L3B2 monoclonal, Fig. 7C), and the flagellar pocket collar (labelled with anti-BILBO1, Fig. S7Ad, Ba and c) were unaffected by TFK1 knockdown.

Comparison of electron microscopy images of thin sections from non-induced and 24 h induced TFK1 RNAi BSF cells showed no obvious difference in the overall ultrastructure of the cytoskeleton (Fig. S7B). PFR length was also measured in non-induced and induced TFK1 RNAi conditions and showed no change in the length of the flagella, suggesting a proper flagellum formation (Fig. S7C). We also compared the diameter of the TF area after TFK1 RNAi knockdown by measuring the distance between the two sides of the flagellar pocket at the base of the flagella (indicated by a white double-arrow on Fig. S7Bc), but this showed no significant differences between induced and non-induced cells (Fig. S7D).
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Furthermore, on cells induced for the RNAi knockdown of the flagellar pocket collar protein BILBO1 that display a detached new flagellum and no FP biogenesis [START_REF] Bonhivers | Biogenesis of the Trypanosome Endo-Exocytotic Organelle Is Cytoskeleton Mediated[END_REF], TFK1 labelling remains present at the BB (Fig. S8A). This suggests that absence of FP formation does not affect the localization and most probably the function of TFK1.

Taken together, our data demonstrated that TFK1 is a TF fiber protein. Co-localization of TFK1 with CEP164C and TbRP2 suggest that TFK1 is the first TF matrix protein identified in trypanosomes and is essential for the last stages of the cell cycle of the T. brucei BSF (localization schematised in Fig. 8). Depending on the stage of progression in the cell cycle, TFK1 knockdown leads (i) a misplacement of the new BB resulting in a KNKN phenotype that we named tandem-cells ha ha not been reported previously in BSF and, (ii) to a defect in the abscission that has previously been described in PCF described for other cell cycle proteins [START_REF] Sinclair-Davis | A functional analysis of TOEFAZ1 uncovers protein domains essential for cytokinesis in Trypanosoma brucei[END_REF].

Discussion

Trypanosome basal bodies act as vital master organizers of the cytoskeleton, organelles and flagellum positioning [START_REF] Lacomble | Three-dimensional cellular architecture of the flagellar pocket and associated cytoskeleton in trypanosomes revealed by electron microscope tomography[END_REF][START_REF] Lacomble | Basal body movements orchestrate membrane organelle division and cell morphogenesis in Trypanosoma brucei[END_REF]. During maturation, the pro-BB acquires appendages, essential structures for docking to the plasma membrane and recruitment of the intraflagellar transport proteins (IFT) [START_REF] Stephan | An Essential Quality Control Mechanism at the Eukaryotic Basal Body Prior to Intraflagellar Transport[END_REF][START_REF] Morga | Getting to the heart of intraflagellar transport using Trypanosoma and Chlamydomonas models: the strength is in their differences[END_REF][START_REF] Wei | The essential roles of transition fibers in the context of cilia[END_REF][START_REF] Bertiaux | Bidirectional intraflagellar transport is restricted to two sets of microtubule doublets in the trypanosome flagellum[END_REF]. These radial structures are comprised of nine distal appendages (DA)/transition fibres (FT) and nine sub-distal appendages (SDA) [START_REF] Tanos | Centriole distal appendages promote membrane docking, leading to cilia initiation[END_REF][START_REF] Vaughan | Basal body structure and cell cycle-dependent biogenesis in Trypanosoma brucei[END_REF][START_REF] Garcia-Gonzalo | Open Sesame: How Transition Fibers and the Transition Zone Control Ciliary Composition[END_REF][START_REF] Trépout | STEM tomography analysis of the trypanosome transition zone[END_REF][START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF]. In this study, we identified TFK1 (Transition Fibre protein Kinetoplastid specific-1) as a novel TF component and BB maturation marker which is unique to kinetoplastea class and present throughout the trypanosome cell cycle in PCF and BSF.

TFK1, a component of the distal appendage matrix in the transition fibres

Only two TF proteins have been described in T. brucei, TbRP2 and CEP164C (Andre et al., 2014;[START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF][START_REF] Stephan | An Essential Quality Control Mechanism at the Eukaryotic Basal Body Prior to Intraflagellar Transport[END_REF]. Using Ultrastructure Expansion Microscopy (U-ExM), we show for the first time in T. brucei the high resolution localization of CEP164C, that adopts a radial arrangement of several dense dots similar to the labelling observed for human CEP164 [START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF], and of TbRP2 that is proximal to CEP164C. We show here that TFK1 is localized at the BB, is distal to TbRP2 and is organized as nine equidistant dots around the BB that fill the circumferential gaps of CEP164C arrangement without colocalization. Together with CEP164C and TbRP2, TFK1 is the third bona fide protein component of the trypanosome TFs.

Recent ultrastructural studies of the human TFs/DAs described in great details a cone-shaped architecture composed of nine distal appendage blades (DABs) that are embedded in the distal appendage matrix (DAM), also known as periciliary diffusion barrier (PCB) [START_REF] Nachury | The molecular machines that traffic signaling receptors into and out of cilia[END_REF], where FBF1 (Fas-Binding Factor 1) and IFT molecules localize [START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF]. Our measurements reveal that the nine TFK1 dots define with an inner and an outer diameter of 356±28 nm and 558±58 respectively, similar to the diameters found for the human orthologs CEP164 (568±18 nm to 219±14 nm) and FBF1 (269±33 nm to 496±26 nm) on the DAs [START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF][START_REF] Bowler | High-resolution characterization of centriole distal appendage morphology and dynamics by correlative STORM and electron microscopy[END_REF][START_REF] Katoh | Practical method for superresolution imaging of primary cilia and centrioles by expansion microscopy using an amplibody for fluorescence signal amplification[END_REF]. Taken together, our data suggest that TFK1 may be present in the DAM structure similar to the FBF1 protein between the nine DABs composed of, among others, CEP164 [START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF]. In addition, we show that the TFK1 immuno-gold labelling is located at 172±26 nm away from the BB cen e , in agreement with the same distance of ~ 177 nm measured for mammalian centrioles [START_REF] Bowler | High-resolution characterization of centriole distal appendage morphology and dynamics by correlative STORM and electron microscopy[END_REF]. This distance (or radius) is equivalent to a diameter of 344±51 nm. The diameter of the dense TF structures (the blades) observed in T. brucei by EM is in the range of 338 nm to 388 nm [START_REF] Trépout | STEM tomography analysis of the trypanosome transition zone[END_REF] suggesting that TFK1 localizes at the distal end of the blades structure in the DAM as described for FBF1 [START_REF] Wei | Transition fibre protein FBF1 is required for the ciliary entry of assembled intraflagellar transport complexes[END_REF][START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF].
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We show, in BSF, that depletion of TFK1 does not affect BB structures per se, flagella structure and length or the diameter of the TF area, indicating that TFK1 is not involved in the biogenesis of these cytoskeletal structures. In comparison, Atkins and colleagues have shown that RNAi of CEP164C, in PCF, induces abnormal elongation of the old flagella, without altering its structure [START_REF] Atkins | CEP164C regulates flagellum length in stable flagella[END_REF]. Within the same RNAi strain, we show that when CEP164C is depleted TFK1 protein is still detected at the TF (Fig. S8B). These results indicate that while the two proteins CEP164C and TFK1 are close on the TF, TFK1 localization is independent of CEP164C. This is similar to the absence of the human CEP164 at the DAB tips that did not affect the recruitment of FBF1 to the DAM [START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF] indicating a distinct role from other central components of the DAB [START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF]. FBF1 is a DAM protein required for ciliogenesis, ciliary gating, centriole duplication and separation [START_REF] Inoko | Albatross/FBF1 contributes to both centriole duplication and centrosome separation[END_REF][START_REF] Tanos | Centriole distal appendages promote membrane docking, leading to cilia initiation[END_REF][START_REF] Wei | Transition fibre protein FBF1 is required for the ciliary entry of assembled intraflagellar transport complexes[END_REF][START_REF] Yang | Super-resolution architecture of mammalian centriole distal appendages reveals distinct blade and matrix functional components[END_REF]. Using BLAST-P, we searched for the FBF1 (isoform 1) human protein sequence (Q8TES7-1) ortholog in kinetoplastids and identified Tb926.6.4100 (Protein ID: XM_840435.1) with 11.6% similarity and 7.2% identity. Interestingly, Tb926.6.4100 was localized at the basal bodies by the TrypTag resource [START_REF] Dean | Cilium transition zone proteome reveals compartmentalization and differential dynamics of ciliopathy complexes[END_REF][START_REF] Dean | TrypTag.org: A Trypanosome Genome-wide Protein Localisation Resource[END_REF]. DAM area could be composed of different proteins that play different functions, specific to the organism.

TFK1 is involved in furrow function in the BSF cell cycle

In BSF, TFK1 depletion induced a misregulation of the cell division cycle characterized by an arrest of cytokinesis at 2K2N stage leading to either a previously uncharacterized tandemcells phenotype, with a KNKN arrangement along the posterior to anterior of the cell axis, or a "locked posterior-to-posterior" phenotype (NKKN), which corresponded to an abscission arrest or delay leading to rapid cell death. Nevertheless, in both phenotypes, mitosis still occurred. However, no phenotype was observed in PCF RNAi cells. It is well documented that depletion of proteins involved in structural integrity and/or flagellum motility induces major defects in cytokinesis, which are frequently lethal in BSF [START_REF] Broadhead | Flagellar motility is required for the viability of the bloodstream trypanosome[END_REF];

Journal of Cell Science • Accepted manuscript [START_REF] Ralston | Flagellar motility contributes to cytokinesis in Trypanosoma brucei and is modulated by an evolutionarily conserved dynein regulatory system[END_REF][START_REF] Dacheux | A MAP6-related protein is present in protozoa and is involved in flagellum motility[END_REF][START_REF] Wheeler | Cytokinesis in Trypanosoma brucei differs between bloodstream and tsetse trypomastigote forms: implications for microtubule-based morphogenesis and mutant analysis[END_REF][START_REF] Dang | Proximity Interactions among Basal Body Components in Trypanosoma brucei Identify Novel Regulators of Basal Body Biogenesis and Inheritance[END_REF][START_REF] Zhang | Functional Analyses of Cytokinesis Regulators in Bloodstream Stage Trypanosoma brucei Parasites Identify Functions and Regulations Specific to the Life Cycle Stage[END_REF]. In addition and confirming an important phenomenon observed by us, several studies show that RNAi knockdown of the same protein can produce different phenotypes in PCF and BSF life stages [START_REF] Hammarton | Stage-specific differences in cell cycle control in Trypanosoma brucei revealed by RNA interference of a mitotic cyclin[END_REF][START_REF] Kumar | Depletion of anaphase-promoting complex or cyclosome (APC/C) subunit homolog APC1 or CDC27 of Trypanosoma brucei arrests the procyclic form in metaphase but the bloodstream form in anaphase[END_REF][START_REF] Broadhead | Flagellar motility is required for the viability of the bloodstream trypanosome[END_REF][START_REF] Benz | Cytokinesis in Bloodstream Stage Trypanosoma brucei Requires a Family of Katanins and Spastin[END_REF][START_REF] Zhang | Functional Analyses of Cytokinesis Regulators in Bloodstream Stage Trypanosoma brucei Parasites Identify Functions and Regulations Specific to the Life Cycle Stage[END_REF][START_REF] Lai | A specific basal body linker protein provides the connection function for basal body inheritance in trypanosomes[END_REF][START_REF] Morriswood | The bilobe structure of Trypanosoma brucei contains a MORN-repeat protein[END_REF]Broster Reix et al., 2021b). Our data demonstrate once again that the essentiality of a protein such as TFK1 can vary from one life-cycle stage to another in T. brucei.

Interestingly, the TFK1 RNAi tandem-cells phenotype obtained in BSF show the same KNKN arrangement of WT, PCF cells suggesting a role of TFK1 in BB placement. During the elongation of the new flagellum in BSF, the distal tip is connected to the cell body plasma membrane in the groove structure, which is present until the new flagellum extends beyond the anterior end of the cell [START_REF] Hughes | A cell-body groove housing the new flagellum tip suggests an adaptation of cellular morphogenesis for parasitism in the bloodstream form of Trypanosoma brucei[END_REF]. The initiation of the division fold and the cleavage furrow corresponds to the resolving of the groove and to a significant reduction of the distance between the two kinetoplasts [START_REF] Hughes | Patterns of organelle ontogeny through a cell cycle revealed by whole-cell reconstructions using 3D electron microscopy[END_REF][START_REF] Tyler | Anisomorphic Cell Division by African Trypanosomes[END_REF]. In the KNKN andem-cell heno e, the new and old FAZ and the flagella grew properly but a stopping point for the elongation of the sub-pellicular microtubule corset and the separation of the flagella seemed to be missing as well as a starting point for the initiation of the cleavage furrow [START_REF] Absalon | Basal body positioning is controlled by flagellum formation in Trypanosoma brucei[END_REF][START_REF] Davidge | Trypanosome IFT mutants provide insight into the motor location for mobility of the flagella connector and flagellar membrane formation[END_REF][START_REF] Farr | Cytokinesis in trypanosomes[END_REF][START_REF] Hughes | Patterns of organelle ontogeny through a cell cycle revealed by whole-cell reconstructions using 3D electron microscopy[END_REF][START_REF] Robinson | Microtubule polarity and dynamics in the control of organelle positioning, segregation, and cytokinesis in the trypanosome cell cycle[END_REF].

The exact molecular role of TFK1 is yet to be discovered but, TFK1, together with TbRP2 were identified by proximity-dependent biotinylation identification (BioID) as an interactor protein of TOEFAZ1/CIF1 (a key regulator of the cytokinetic furrow) but not CEP164C [START_REF] Hilton | Identification of TOEFAZ1-interacting proteins reveals key regulators of Trypanosoma brucei cytokinesis[END_REF]. However, our Y2H assays did not show a direct interaction between TFK1 and TOEFAZ1/CIF1 (Fig. S8C) suggesting that TOEFAZ1/CIF comes in close proximity to TFK1 during its journey along the flagellum [START_REF] Mcallaster | Proteomic identification of novel cytoskeletal proteins associated with TbPLK, an essential regulator of cell morphogenesis in Trypanosoma brucei[END_REF]Sinclair-Journal of Cell Science • Accepted manuscript [START_REF] Sinclair-Davis | A functional analysis of TOEFAZ1 uncovers protein domains essential for cytokinesis in Trypanosoma brucei[END_REF]Zhou et al., 2016a) but do not interact. Moreover, TFK1 has been identified in the proteomic analyses of the immuno-isolated bi-lobe complex [START_REF] Gheiratmand | Biochemical Characterization of the Bilobe Reveals a Continuous Structural Network Linking the Bi-lobe to Other Single-copied Organelles in Trypanosoma brucei[END_REF]. Gheiratmand and colleagues have identified many other proteins localized on single-copy organelles such as the flagellum, the MtQ, the FPC, the kinetoplast, and the bilobe but neither TbRP2 nor CEP164C were identified in their analysis. This suggests that TFK1 could be specialized in interacting with some proteins that transit along the MtQ towards the bi-lobe and beyond.

Our study also shows that TFK1 depletion induces the blockage or delay of abscission, leading to the locked posterior-to-posterior phenotype, while allowing further rounds of mitosis.

TFK1, a candidate regulator of cytokinesis in bloodstream form

The studies of the trypanosome-specific key regulators (TOEFAZ1/CIF1, CIF2, CIF3, KLIF, FRW1) in the initiation of cytokinesis in T. brucei have shown that they are regulated by different mechanisms at different stages of the life cycle (BSF and PCF) (Zhou et al., 2016a;Zhou et al., 2016b;Zhou and Li, 2016;[START_REF] Hilton | Identification of TOEFAZ1-interacting proteins reveals key regulators of Trypanosoma brucei cytokinesis[END_REF][START_REF] Zhou | The CIF1 protein is a master orchestrator of trypanosome cytokinesis that recruits several cytokinesis regulators to the cytokinesis initiation site[END_REF]. The two trypanosome-specific proteins KLIF and FRW1 are remarkable examples. Both were identified at the cell division fold and cleavage furrow [START_REF] Hilton | Identification of TOEFAZ1-interacting proteins reveals key regulators of Trypanosoma brucei cytokinesis[END_REF][START_REF] Zhou | The CIF1 protein is a master orchestrator of trypanosome cytokinesis that recruits several cytokinesis regulators to the cytokinesis initiation site[END_REF].

Although these two proteins are expressed in both forms, KLIFF is essential in PCF and FRW1 is essential in BSF [START_REF] Hilton | Identification of TOEFAZ1-interacting proteins reveals key regulators of Trypanosoma brucei cytokinesis[END_REF][START_REF] Zhang | Functional Analyses of Cytokinesis Regulators in Bloodstream Stage Trypanosoma brucei Parasites Identify Functions and Regulations Specific to the Life Cycle Stage[END_REF]. FRW1 is localized at the BBs and at the furrow ingression during cytokinesis but its depletion was not essential for survival in PCF. In contrast, in BSF, FRW1 has been detected as multiple punctate dots in the middle portion of the cells and its depletion was leading to defects in cytokinesis initiation and lethal [START_REF] Zhang | Functional Analyses of Cytokinesis Regulators in Bloodstream Stage Trypanosoma brucei Parasites Identify Functions and Regulations Specific to the Life Cycle Stage[END_REF]. The common underlying mechanism between the phenotypes
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induced during the RNAi of TFK1 and of FRW1 could be the modification of the corset at a specific time point. This would first allow the initiation of the groove ingression that could be affected in the tandem-cell phenotype and second, to cut the cytoplasmic bridge, a cut that no longe occ o i dela ed in he locked o e io -to-o e io heno e. The e en ial role of the centriole in cytokinesis and especially in the regulation of abscission has been described in mammalian cell lines. Migration of the centriole to the intercellular bridge (midbody) controls the release of microtubules and the completion of cell division. The authors suggest that this centrosome-dependent pathway may have been conserved during evolution [START_REF] Jonsdottir | Centriole movements in mammalian epithelial cells during cytokinesis[END_REF][START_REF] Piel | Centrosome-Dependent Exit of Cytokinesis in Animal Cells[END_REF]. The centriole and basal body clearly have other, cryptic functions that to date have not clearly been elucidated.

In summary, our results describe TFK1 as a kinetoplastid specific protein and as a mature and maturing BB marker, localized on the transitional fibres. TFK1 is the third component of the transition fibre region, with TbRP2 and CEP164C, in T. brucei. TFK1 is displayed in a typical radial arrangement in the distal appendage matrix, as nine dense points between the molecules of CEP164C. TFK1 is essential for BSF, unlike PCF. Its depletion induces, on one hand, the absence of furrow associated with segregation of BBs similar to that of PCFs (KNKN) and on the other hand, leads to the blockage of abscission during cytokinesis in BSFs. These two processes maybe interlinked or have some degree of interdependency. Our results suggest an essential role of TFK1 in the segregation and positioning of BBs to ensure the shape of subsequent daughter cells. The role of TFK1 could be extended to other forms of the trypanosome life cycle, which exhibit different morphologies (trypomastigote and epimastigote) as well as a different positioning of the nucleus and basal bodies along the axis of the cell [START_REF] Langousis | Motility and more: the flagellum of Trypanosoma brucei[END_REF][START_REF] Varga | Protein diversity in discrete structures at the distal tip of the trypanosome flagellum[END_REF][START_REF] Zhang | Functional Analyses of Cytokinesis Regulators in Bloodstream Stage Trypanosoma brucei Parasites Identify Functions and Regulations Specific to the Life Cycle Stage[END_REF][START_REF] Lemos | Timing and original features of flagellum assembly in trypanosomes during development in the tsetse fly[END_REF].
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Materials and Methods

I ilic a al i

The TrypTag resource (http://tryptag.org) [START_REF] Dean | Cilium transition zone proteome reveals compartmentalization and differential dynamics of ciliopathy complexes[END_REF]) localized previously Tb927.6.1180 (ProteinID: XP_845240.1) as a basal body protein. TFK1 orthologs were identified by walking BLAST-P, PSI-BLAST and HMMER [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF][START_REF] Altschul | Protein database searches using compositionally adjusted substitution matrices[END_REF][START_REF] Altschul | Protein database searches using compositionally adjusted substitution matrices[END_REF][START_REF] Finn | HMMER web server: interactive sequence similarity searching[END_REF] using default parameters (standard databases, non-redundant protein sequences database, maximum target sequences 100, with short queries, expect threshold E-value of 0.05 (and 0.01), no maximum matches in a query range).

A multiple sequence alignments using ClustalOmega identified three main regions where residues are conserved among the TFK1 orthologs [START_REF] Madeira | The EMBL-EBI search and sequence analysis tools APIs in 2019[END_REF] ). InterPro provided functional analysis fa cic a e primary and secondary structures of proteins (https://www.ebi.ac.uk/interpro/) [START_REF] Blum | The InterPro protein families and domains database: 20 years on[END_REF]. Gibco, 11573397), 36 mM odi m bica bona e, 136 g.mL -1 h o an hine, 39 g.mL -1 h midine, 110 g.mL -1 odi m a e, 28 g.mL -1 ba hoc oine, 0.25 mMme ca oe hanol, 1.7 mM L-c eine, 62.5 g.mL -1 kanam cin, 0.1 g.mL ed a o-and ma e ba al bodie ma ke , an i-FTZC abbi ol clonal an ibod (1:10,000) [START_REF] Bringaud | Characterization and disruption of a new Trypanosoma brucei repetitive flagellum protein, using doublestranded RNA inhibition[END_REF] a ed a a an i ion one ma ke , an i-TbBILBO1 abbi (Florimond et al., 2015) ol clonal (amino-acid 1-110, 1:4,000) , an i-PFR2 abbi ol clonal (Kohl et al., 1999) an ibod (1:200) , an i-FAZ mo e monoclonal an ibod L3B2 (1:1,000) a [START_REF] Kohl | Assembly of the paraflagellar rod and the flagellum attachment zone complex during the Trypanosoma brucei cell cycle[END_REF]) kind gif f om K. G ll , an i-mNeonG een ( abbi ol clonal, Ximbio, 155278, 1 : 10,000), a hed ice in PBS + 0.1% T een20, hen inc ba ed 1 ho i h he 

Elec mic c hi ec i

The non-induced and induced TFK1 RNAi knockdown BSF cell pellets were placed on the surface of a copper EM grid (400 mesh) that had been coated with formvar. Each grid was very quickly submersed in liquid propane precooled and held at -180°C by liquid nitrogen as described in (Blanca d and Salin, 2017). Briefly, the loops were then transferred in a precooled solution of 4% osmium tetroxide in dry acetone in a 1.8 ml polypropylene vial at -84°C for 72h (substitution), warmed gradually to room temperature (1h -30°C, 2h -15°C, 2h

4°C and 30 min room temperature) followed by three washes in dry acetone. The samples were infiltrated progressively with araldite (epoxy resin Fluka). Ultrathin sections were contrasted with lead citrate and observed at 80kV on a Hitachi 7650 transmission electron microscope.

Imm

-elec mic c 500 mL of mid log phase oc clic SmO P427 cell line endogeno l + TFK1 ::3HA were harvested at 1,000 x g, for 5 minutes, washed twice with PBS by centrifugation and resuspended in PBS. Freshly glow-discharged, formvar and carbon-coated G2000-ni nickel grids (EMS) were floated on a droplet of cells for 15 minutes. Grids were then moved onto a

Journal of Cell Science • Accepted manuscript drop of 1% NP-40 in PEME buffer (100 mM PIPES pH 6.8, 1 mM MgCl 2 , 0.1 mM EGTA) 5

minutes at RT to extract the cells. Cytoskeletons were washed twice (2 x 5 minutes) in PEME buffer at RT, equilibrated and blocked on 50 L drops of 2% fish skin gelatin (Sigma-Aldrich G7041) or blocking buffer (0.5% BSA, 0.1% Tween20 in PBS), then incubated on 25 L of primary antibody diluted in blocking buffer (primary antibody was used either alone, or mixed with a second primary antibody), 1 hour at room temperature (RT). Mouse IgG1 anti-TFK1 purified monoclonal antibody was diluted 1:500. Grids were blocked and incubated in secondary antibody for 1h at RT (goat anti-mouse GMTA 5 nm gold, BBInternational) 1:10 in 0.2% fish skin gelatin in PBS. Grids were blocked and fixed in 2.5% glutaraldehyde in 0.2% fish skin gelatin in PBS. Samples were negatively stained with 1% aurothioglucose (Sigma-Aldrich) (10 l for 30 sec), Micrographs were taken on a Philips Tecnai 12 transmission electron microscope at 100 kV.

Ul a c e E a i Mic c (U-E M)

The 

Yea --h b id a a

The pGAD-T7 vectors were transformed in the appropriate yeast haploid cell line Y187 and the pGBK-T7 were transformed in the Y2HGold yeast haploid cell line. After production of diploid cells by yeast mating, interaction tests were carried out on SC-L W Histidine (His) media using drop test assay as described in the online protocol https://dx.doi.org/10.17504/protocols.io.btzenp3e [START_REF] Isch | Structural and functional studies of the first tripartite protein complex at the Trypanosoma brucei flagellar pocket collar[END_REF]. 

P ei ifica i E. c i BL21 ( 

  the two cells continued to replicate indicating a restart in cell cycle and leading to XKXN and multi-flagellated cells, as shown with the flagella labelling with the anti-PFR antibody (Fig.7Cb, c), without achieving cytokinesis (Fig.7AcXK2N, XKXN). Interestingly, whole cell and cytoskeleton preparations revealed the existence of a structure resembling a bridge that prevented daughter cell separation (Fig.7Ac, arrows XNXN and Fig.7Cc). Similar observations were made by scanning electron microscopy (SEM) showing this atypical organization of andem-cell in BSF (Fig.7D, arrows tandem-cells).

  (PCF) cell line SmO P427 (Poon e al., 2012) a g o n in SDM-79 medi m (GE Heal hca e, G3344-3005) H7.4 lemen ed i h 2 mg/mL hemin (Sigma Ald ich, H-5533), 26 M odi m bica bona e, 10 mM D-gl co e, 3.5 mM L-gl amine, 5.3 mM Loline, 0.9 mM odi m a e, 3.4 mM L-h eonine, 150 mM gl amic acid, 120 M odi m ace a e, 230 M D-gl co amine, 10% fe al calf e m com lemen -deac i a ed a 56 C fo 30 min e (FBS; Gibco, 11573397), 1 g.mL -1 om cin and inc ba ed a 27 C. Blood eam (BSF) cell line SmO B427 (Poon e al., 2012) a c l ed in IMDM medi m con aining 10% foe al calf e m com lemen -deac i a ed a 56 C fo 30 min e (FBS;

  a 37 C i h 5% CO 2 . Fo an fec ion, cell line e e g o n a 5-10 10 6 cell /mL, hen 3 10 7 cell e e elec o-an fec ed ing an fec ion b ffe a e io l de c ibed (Wi e al., 1999; Sch mann B ka d e al., 2011) i h 10 g of linea i ed la mid ing No I o PCR od c ing he og am X-001 of he N cleofec o II, AMAXA a a a (Bio em ).Af e an fec ion, clone e e ob ained b e ial dil ion and main ained in loga i hmic ha e g o h a 2 10 6 cell .mL -1 fo PCF and a 1 10 5 cell .mL -1 fo BSF. Selec ion an ibio ic e e added o he media acco ding o he an fec ed od c . Phleom cin (5 g.mL -1 fo PCF and 2.5 g.mL -1 fo BSF) a added o he media of an fec ed cell o elec fo ho e ha bo ing he Le 100-3cM c and 2T7 iB con c , bla icidin (20 g.mL -1 fo PCF and 10 g.mL -1 fo BSF) and h g om cin (25 g.mL -1 fo PCF and 5 g.mL -1 fo BSF) e e added o elec he an fec ed cell ha bo ing endogeno ag ing POT ec o (Dean e al., 2015). Gene e e ion and RNAi ind c ion in he a a i e e e ind ced i h e ac cline a 10 g.mL -1 . G o h c e e e en ing loga i hmic n mbe of cell e e calc la ed b co n ing he n mbe of cell e e 24 h ing Malla e co n ing chambe lide . Journal of Cell Science • Accepted manuscript To od ce he an i-TFK1 mo e monoclonal an ibod , he TFK1 o en eading f ame a am lified f om T. b cei 927 genomic DNA (Mel ille e al., 2000) and cloned be een HindIII and BamHI e ic ion i e in o ET28a+ (No agen) in f ame i h a C-e min 6-hi idine ag. To e e he f ll-leng h TFK1 (aa 1-1271) and i nca ion (T1: aa 1-74; T2: aa 75-802; T3: aa 803-1271; T4: aa 75-536; T5: aa 537-802) in PCF, he f agmen e e am lified b PCR and cloned in o HindIII and NdeI e ic ion i e of he LEW100-X-3cM c in f ame i h he C-e min 3 M c ag (home-modified f om Wi e al., 1999). Fo he RNAi e e imen in PCF and BSF, he TFK1 co e onding f agmen (466 -976 b ) a cloned be een XbaI and XhoI e ic ion i e of he in omo e la mid 2T7 iB (LaCo n e al., 2002). Fo endogeno gene agging, ime e e de igned a de c ibed in (Dean e al., 2015) and PCR a e fo med ing POT 4 (fo N-e min 10-TY1 agging , Bla icidin e i ance) o POT 7 ec o (fo C-e min 3-HA agging, H g om cin e i ance) a em la e. The PCR od c a hen ed fo ano ome an fec ion a de c ibed in (Dean e al., 2015). Yea --h b id ec . To e e he f ll-leng h TFK1 (aa 1-1271) and i nca ion (T1: aa 1-74; T2: aa 75-802; T3: aa 803-1271; T4: aa 75-536; T5: aa 537-802) in ea fo in e ac ion e , he f agmen e e am lified and cloned in o SmaI and BamHI e ic ion i e of he GAD-T7 (Ac i a ing domain, Clon ech) and in o BamHI and NcoI e ic ion i e of he GBK-T7 (Binding domain, Clon ech). We e bl a al i T ano ome e e collec ed, cen if ged a 1000 g (PCF) o 800 g (BSF) fo 10 min e , and a hed in PBS fo PCF and PBS (136.9 mM NaCl, 3 mM KCl, 16 mM Na2HPO4, 3 mM KH2PO4, 45.9 mM c o e, 10 mM gl co e) fo BSF. Fo hole cell , he n mbe of Journal of Cell Science • Accepted manuscript cell o be loaded e ell e e calc la ed, hen e-ended in o ein am le b ffe 2 , l n clea e 250 IU.mL -1 (Sigma Ald ich, Ref. E1014). Fo de e gen -e ac ed cell (c o kele on ), cell e e a hed and e-ended in 1% NP40, 100 mM PIPES H6.9, 1 mM MgCl 2 fo 7 min e . C o kele on e e checked b mic o co , hen cen if ged a oom em e a e fo 10 min e a 1000 g, a hed in 100 mM PIPES H6.9, 1 mM MgCl 2 and e ended in 2 am le b ffe . The am le e e boiled a 100 C fo 5 min hen o ed a -20 C n il e i ed. Ten e cen SDS-PAGE gel e e e a ed and am le loaded a 5 10 6 PCF o BSF ano ome cell e ell acco ding o he e e imen . Sam le e e e a a ed acco ding o man fac e ecommenda ion hen an fe ed in a emi-d em (BIORAD T an -Blo Semi-d an fe cell 221BR54560) on o PVDF memb ane and inc ba ed i h blocking ol ion (BS: 5% kimmed milk o de , 0.2% T een-20 in TBS) fo 1 ho . Fo de ec ion of agged/non-agged o ein e e ion in ano ome , an an i-ag an ibod o an an ibod again he na i e o ein a dil ed in blocking ol ion acco ding o he ecommenda ion and inc ba ed i h he memb ane o e nigh a 4 C. Memb ane e e a hed in TBS and hen in BS befo e obing i h a ecific econda an ibod conj ga ed o Ho e Radi h Pe o ida e (HRP) fo 60 min e a RT. The follo ing an ibodie e e ed a ima ie : an i-TFK1 (mo e monoclonal IgG1 ified, 1:500), an i-HA (mo e monoclonal IgG1, Biolegend, 901513, 1:1,000), an i-TY1 (BB2 mo e monoclonal an ibod IgG1, 1:100) (Ba in e al., 1996) and an i-cM c ( abbi ol clonal, Sigma, C-3956, 1 : 1,000). An i-Enola e ( abbi ol clonal, 1:70,000) (Hannae e al., 2003) and an i-b lin (TAT1 mo e monoclonal, 1:1,000) (Wood e al., 1989) e e ed a loading con ol . The econda ie ed e e an i-mo e HRP, dil ed 1:10,000 in BS (Jack on, hee , 515-035-062) and an i-abbi HRP, dil ed 1:10,000 in BS (Sigma, goa , A9169). Re ela ion a ca ied o ing Image Q an LAS 4000 (GE) o Chemidoc (Bio ad). Journal of Cell Science • Accepted manuscript Imm fl e ce ce a a 1mL of log-ha e PCF cell e e cen if ged fo 10 min e a 1000 g, a hed in 1 PBS, hen 30 L a loaded on o ol -L-l ine 0.1% ol ion (Sigma-Ald ich, P8920) coa ed lide fo 5 min e o adhe e. Whole cell e e fi ed in me hanol a -20 C fo a lea 30 min e . C o kele on e ac ion a ca ied o i h 0.25% NP40 (Ige al) in PIPES b ffe (100 mM PIPES H 6.8, 1 mM MgCl 2 ) fo 5 min e , a hed ice in PIPES b ffe and c o kele on e e fi ed i h me hanol a de c ibed in (Flo imond e al., 2015). Fo BSF, 10 mL of log-ha e cell e e collec ed, cen if ged a 800 g fo 10 min e , hen a hed in PBS; hole cell e e fi ed in 2% fo maldeh de di ec l in he medi m fo 10 min e and hen loaded on o ol -L-l ine 0.1% ol ion (P8920 Sigma-Ald ich) coa ed lide fo 5 min e o adhe e and e meabili ed b me hanol imme ion fo 5 min e (Wheele e al., 2013). C o kele on e ac ion a ca ied o i h 0.25% NP40 (a de c ibed abo e). Fi ed cell e e hen inc ba ed fo 1 ho i h ingle o combina ion of an ibodie dil ed in PBS + 2% BSA: an i-HA mo e monoclonal an ibod IgG1 (Biolegend, 901513, 1 : 1,000), an i-HA mo e monoclonal an ibod IgG2a, (Gene e , GTX628902, 1 : 1,000) and an i-TY1 BB2 (Bastin et al., 1996) mo e ified monoclonal an ibod IgG1 (1:1,000) e e ed a an ibodie again agged o ein , an i-cM c ( abbi ol clonal, Sigma, C-3956, 1 : 1,000) o de ec o e e e ed o ein , an i-TFK1 mo e monoclonal ified an ibod IgG1 a ed o de ec he na i e TFK1 o ein (1:500), an i-BLD10 (1:1,000) (Dang e al., 2017) e e

  a o ia e econda an ibodie dil ed 1:100 in PBS + 2% BSA: an i-mo e IgG FITC-Journal of Cell Science • Accepted manuscript conj ga ed (Jack on, 115-095-164), an i-abbi Ale a fl o 594-conj ga ed (Molec la obe , A-11012), an i-mo e IgG1 Ale a fl o 594-conj ga ed (Molec la obe , A-21125), an i-mo e IgG2a Ale a fl o 488-conj ga ed (Molec la obe , A21131). Kine o la and n clei e e ained i h 10 μL DAPI (10μg/ml) in 1 PBS fo 5 min e and lide e e mo n ed i h Slo fade Gold an ifade eagen (Molec la P obe ). Image e e ac i ed on a Zei Image Z1 mic o co e i h Zei 100 oil objec i e (NA 1.4), ing a Pho ome ic Cool na HQ2 came a and Me amo h of a e (Molec la De ice ) and oce ed i h ImageJ (Schneide e al., 2012).

  o ocol ed o a a Ul a c e E an ion Mic o co on ano ome ha been described in the online de c ibed, ada ed and o imi ed f om (Gamba o o e al., 2021) and protocol https://dx.doi.org/10.17504/protocols.io.bvwqn7dw. B iefl , 4 10 6 cell of mid log phase mNeonGreen:: CEP164C oc clic SmO cell line endogeno l ingle agged TFK1 ::3HA, and do ble agged 10TY1:: TbRP2 + TFK1 ::3HA and loaded on o ol -L-l ine 0.1% ol ion (Sigma-Ald ich, P8920) coa ed 12mm co e li in 24-ell la e and cell lef o adhe e be een 5 o 10 min e . Cell e e co e ed i h 1 mL of ac i a ion ol ion (0.7% fo maldeh de, 1% Ac lamide in PBS) fo 4 h a 37 C i h lo agi a ion. Fo he gela ion e , co e li e e gen l de o i ed on o of a 35 l d o of MS ol ion (23% Sodi m ac la e (AK cien ific R624), 10% Ac lamide (E omede EU0060-A), 0.1% Bi -ac lamide (E omede EU0560-A) in PBS) fo 2 min e hen an fe ed o a 35 l d o of MS, 0.5% TEMED (E omede 50406-A), 0.5% Ammoni m e lfa e (E omede EU0009-A) fo 5 min e Journal of Cell Science • Accepted manuscript on ice hen an fe ed a 37 C and inc ba ed fo 1 h in a moi chambe i ho agi a ion. The co e li e e hen an fe ed in 6-ell la e in 1 mL of dena a ion ol ion (200 mM Sodi m Dodec l S lfa e, 200 mM Sodi m chlo ide, 50 mM T i H 9.0) i h agi a ion a RT fo 15 min e o de ach he gel f om he co e li , ha a hen mo ed in o a 1.5 mL E endo f cen if ge be filled i h dena a ion ol ion and inc ba ed a 95 C fo one 90 min e . Gel e e e anded in la ge ol me of deioni ed a e ( ice 30 min e hen o e nigh ) hen inc ba ed in a la ge ol me of PBS fo 10 min e ( h ee ime ). Small iece of he gel e e oce ed fo imm no-labelling a follo . The gel e e einc ba ed in blocking ol ion (PBS, 2% BSA, 0.2% T een20) fo 30 min e a 37 C. The ima (Dang et al., 2017) an ibodie ( abbi ol clonal an i-BLD10 , 1:500 dil ion; abbi (Florimond et al., 2015) ol clonal an i-BILBO1, dil ion 1:1,000 ; monoclonal mo e IgG1 an i-HA, 1:500 dil ion (Biolegend, 901513); an i-HA (mo e monoclonal IgG2a, Gene e , GTX628902, 1 : 200); abbi ol clonal an i-mNeonG een (Ximbio, 155278), 1:1000 dil ion, dil ed in blocking ol ion e e inc ba ed fo 3 h in he da k a 37 C i h lo agi a ion. Af e h ee a he in blocking ol ion, gel e e inc ba ed i h he econda an ibodie (an i-abbi Ale a fl o 594-conj ga ed 1:500 dil ion (Molec la obe , goa , A11012); an i-mo e Ale a fl o 488-conj ga ed dil ion 1:500 (Molec la P obe , O-6380); an i-Mo e IgG1 ecific Ale a fl o -594 conj ga ed 1:500 dil ion (Molec la P obe , A21125); an i-Mo e IgG2a ecific Ale a fl o 488-conj ga ed 1:500 (Molec la P obe , A21131) dil ed in blocking ol ion fo 3 h in he da k a 37 C i h lo agi a ion. Af e h ee a he in blocking ol ion, gel e e e anded in a la ge ol me of deioni ed a e ( ice 30 min e hen o e nigh ). An e an ion fac o a de e mined ing he a io be een he i e of he co e li (12 mm) and he i e of he gel af e he fi e an ion. U-E M image e e ac i ed on a Zei Image Z1 mic o co e i h Zei 63 oil objec i e (NA 1.4), ing a Pho ome ic Cool na HQ2 came a and Me amo h of a e (Molec la De ice ) and oce ed i h ImageJ (Schneide e al., 2012). Journal of Cell Science • Accepted manuscript Sca i g Elec mic c BSF ild-e and BSF TFK1 24 h RNAi knockdo n in endogeno l agged 10TY1:: TFK1 e e a hed in PBS and loaded on o ol -L-l ine 0.1% ol ion (Sigma-Ald ich, P8920) coa ed 12mm co e li fo 30 min e . Sam le e e hen fi ed i h gl a aldeh de (2.5%) in 0.1 M cacod la e b ffe ( H 7.2) fo 30 min e a RT hen o e nigh a 4 C. The e e f he a hed ice in 0.1M cacod la e b ffe and deh d a ed in e ie of inc ea ing e hanol concen a ion (30 100%). Sam le e e d ied ia c i ical oin d ing (Leica EM CPD300, A ia). Af e a d , he co e li e e mo n ed on o b and coa ed i h la in m, ing a e coa e (Q150T, Q o m Technologie , Ken , UK). Ob e a ion and image ac i i ion e e done a 3.5 kV, in "high ac m" mode, ing a GeminiSEM 300 FESEM (ZEISS Ge man ) and oce ed i h ImageJ of a e.
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  Fig. S7 Structural analysis of key organelles in TFK1 knockdown BSF cells (A) Immunofluorescence on detergent-extracted BSF cells showing TFK1 (green) and BLD10 (BB marker, red) before (a, -Tet) and 24 h post induction of TFK1 RNAi knockdown (b, +Tet) and showing TFK1 (green) and BILBO1 (FPC marker, red) before (c, -Tet) and 24 h post induction (d, +Tet). Scale bar: 5 m, inset 1 m. (B) Transmission EM on thin sections of TFK1 RNAi non-induced (a) and induced 24 h (b, c) cells. PFR: paraflagellar rod, FP: flagellar pocket, FPC: flagellar pocket collar, BB: basal body, pBB: pro-BB. (C) Measurement of PFR length in BSF flagellar preparation labelled by anti-PFR antibody before (-Tet) and 24 h (+Tet) after TFK1 RNAi knockdown. (D) Measurement of the diameter of transition fibre structure from transmission EM images of longitudinal sections, by measuring the distance between the two sides of the flagellar pocket at the base of the flagellum (indicated by a white double-arrow on Bc) on non-induced and 24h-induced TFK1 RNAi knockdown BSF cells (n=19).

  Fig. S8 TFK1 localization is not disturbed in BILBO1 RNAi or CEP164C RNAi knockdown cells and TFK1 and does not interact directly with TOEFAZ1 in Y2H assays (A) Immunofluorescence on detergent-extracted PCF cells showing the localization of TFK1::HA (green, anti-HA antibody) and TY1::RP2 (red, anti-TY1 antibody) before (-Tet) and 48 h (+Tet 48h) after BILBO1 RNAi induction. (B) Immunofluorescence labelling of detergentextracted PCF cells showing the localization of TFK1 (green, anti-TFK1) and mNeonGreen::CEP164C (red, direct fluorescence) before (-Tet) and 96 h (+Tet 96h) after CEP164C RNAi induction. Scale bars: 5 m, inset 1 m. (C) Y2H interaction assay on Histidine selective medium (-His) of TFK1 with TOEFAZ1/CIF1. Negative control: Lamin and T-antigen interaction, positive control: p53 and T-antigen interaction.
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This table shows the measurements of the distance (indicated by the white double-arrow in Fig. 3C) from the center of the basal body to the gold labeling from transversal section iEM images (n=28). s.d: standard deviation.